Human malaria, which remains a major public health problem, is transmitted by a subset of 24
of malaria incidence in the last 15 years due to vector control and improvement of 48 chemoprevention, diagnostic testing and treatment, human malaria remains a world-wide 49 burden with more than 200 million cases reported and an estimated 445 000 deaths in 2016 50 [4] . With the increase of insecticide resistance in malaria mosquitoes [4, 5] , new vector control 51 strategies to limit and possibly eliminate malaria transmission are being developed such as 52 replacement of wild malaria-susceptible mosquito populations by resistant ones and/or 53 decrease of vector populations by manipulating mosquito reproduction [6] [7] [8] [9] [10] [11] [12] . Unlike 54 vertebrates, it was considered that insect adult males do not produce significant amounts of 55 steroid hormones until it was shown that males of Anopheles gambiae, the main vector of 56 human malaria in Africa, produce and transfer high quantities of 20-hydroxyecdysone (20E) 57 to females during copulation [13] . While ovarian steroid synthesis occurs in mosquito females 58 upon blood meal triggering egg development [13] [14] [15] [16] [17] [18] , sexual transfer of steroids by males 59 likely represents a nuptial gift that affects female reproduction in the malaria vector. 60
Consistent with this, sexually-transferred steroids were shown to induce refractoriness to 61 further copulation and to stimulate oviposition in An. gambiae females [19] . A study further 62
reported that mating-induced phenotypes in Anopheles females would only occur in species 63 whose males produce and transfer steroids to females during mating and that would be 64 specific to dominant human malaria vectors. Since steroids contribute to promote oogenesis 65 and possibly favouring Plasmodium survival, the authors concluded that sexual transfer of 66 steroids is likely to have shape anopheline ability to transmit malaria to humans [20] . Steroids 67 became as such a promising target to manipulate mosquito female reproduction with the aim 68 to reduce malaria vector populations specifically. Consequently, field use of 20E receptor 69 agonists has been recently proposed to reduce malaria transmission [21] . In the present work, 70
we investigated the evolutionary history of male steroid production using a large set of 71 mosquito species belonging to the three Anopheles subgenera (Anopheles, Cellia, 72
Nyssorhynchus) that contain all known DVS of human malaria. We also investigated the 73 post-mating effects on female reproductive traits whether the cognate males produce or not 74 steroids. The main conclusions of our work are that i) production of steroids in male 75 mosquitoes is restricted to the Cellia subgenus, and ii) the effect of mating on female 76
reproductive potential vary across species of the 3 Anopheles subgenera and this is not 77 correlated to male steroid production. 78
79

Results
80
Male steroid production is specific to the Cellia subgenus 81
We first measured steroid titers in sexually mature virgin males from 19 different 82 mosquito species. These mosquito species were selected within two Culicidae subfamilies, 83
Anophelinae and Culicinae. Within the Anophelinae subfamily, 16 species distributed all over 84 the world were chosen to cover 3 different subgenera (i.e. Cellia, Nyssorhynchus and 85
Anopheles) of the Anopheles genus ( Figure 1A ). In the Culicinae subfamily, Aedes aegypti, 86
Aedes albopictus and Culex pipiens that are vectors of arboviruses were also analysed. As 87 shown on Figure 1B (right panel), male 20E production occurs only within the Cellia 88 subgenus (Anophelinae) and is absent in the Culicinae. Interestingly, Anopheles 89 interval), i.e. after the separation of South America and Africa, which started at least 100 Ma 140 ago with no land bridge for about 80 to 50 Ma [34, 35] . 141 142
Mating-induced effects do not correlate with sexually-transferred steroids 143
To get a deeper understanding of the effect(s) of sexually-transferred steroids in Cellia 144 female mosquitoes, we investigated the influence of mating on two female reproductive traits 145 which are known to be regulated by ovarian 20E. On the one hand, steroid hormones trigger 146 ovarian follicle detachment from the germarium in An. stephensi and Ae. aegypti [14, 36] , and 147 ovarian steroids produced upon blood feeding stimulate vitellogenesis and egg development, 148 on the other hand [14, [16] [17] [18] 37] . We therefore analysed these two phenotypes in virgin and 149 mated females from 12 Anopheles species (8 Cellia, 3 Anopheles and 1 Nyssorhynchus). As 150 expected, mating induces the separation of the secondary ovarian follicle from the germarium 151 in An. stephensi (Figure 3 , see also confocal pictures Supplementary Fig. 3 ), a Cellia species 152 whose males produce and transfer steroids during mating. Mating induces as well the 153 separation of the secondary follicle in Anopheles minimus and Anopheles merus, although to a 154 lesser extent. However, no secondary follicle detachment was observed after mating in An. 155 dirus nor detachment of the third follicle for the Cellia species whose secondary follicle is 156 already fully detached in virgin females (Anopheles farauti, An. gambiae, An. arabiensis and 157
An. quadriannulatus). Among the species whose males do not produce steroids, mating also 158 induces secondary follicle detachment in some species (Anopheles atroparvus and Anopheles 159 freeborni), but not in others, even in species showing partial detachment of the secondary 160 follicle in virgin females (Anopheles quadrimaculatus and Anopheles albimanus). Similarly, 161 mating increases the number of developed eggs in some mosquito species while not in others 162 and this is not correlated to male steroid production ( Figure 4 and [20, 39] . 167
These differences across studies are not due to the origin of the blood used to feed females 168 (animal or human) as we obtained the same results with An. albimanus and An. gambiae fed 169 on mouse or human blood ( Supplementary Fig. 4 Importantly, across the species investigated, mating induces detachment of the 176 secondary follicle from the germarium in some species of which a low proportion of virgin 177 females has the secondary follicle already detached as well as in some species of which a high 178 proportion of virgin females has a detached follicle. Similarly, the occurrence of mating-179 induced effects on egg development is not linked to the ability of virgin females to develop a 180 low or high number of eggs after blood feeding. Moreover, among species within the Cellia 181 subgenus, the occurrence or absence of mating-induced phenotypes in females are not linked 182 to the different quantities of steroids produced by the cognate males ( Figure 1 and Table 1)  183 and likely transferred to females during mating as determined for An. gambiae, An. stephensi, 184
An. arabiensis and An. dirus ( Supplementary Fig. 2 , [13, 20] only exist in species whose males produce and transfer steroids to females and that would be 213 specific to dominant human malaria vectors [20] . Analysing the evolution of steroid 214 production by male mosquitoes from a larger set of mosquito species reveals that this 215 physiological trait is a synapomorphy of the Cellia subgenus. Importantly, there is no 216 correlation between the evolution of sexually-transferred 20E and malaria transmission to 217 humans (Table 1) . Consistent with this, while we show that male steroid production and 218 subsequent transfer to females is likely to have evolved only once in the common ancestor of 219
Cellia species, phylogenetic analyses on malaria mosquitoes support a convergent evolution 220 with independent acquisitions of vectorial capacities in Anopheles mosquitoes [53] [54] [55] . 221
Furthermore, we demonstrate that mating-induced phenotypes are variable among species and 222 possibly even among strains or under different environmental conditions. These differences 223 are independent of males ability to produce and transfer steroids to females and are not 224 correlated to malaria vectorial capacity. Apart from follicle detachment, increase in egg 225 
Mosquito species and rearing 249
Ecdysteroid production by sexually mature males was analysed in 19 mosquito species. 250
Sixteen (16) and females were separated on the day of adult emergence for 5 days to allow male sexual 283 maturation. Mating experiments and sampling were performed as described in [13] . Total 284 ecdysteroids from individual whole mosquitoes were extracted with methanol and re-285 dissolved in enzyme immuno assay (EIA) buffer. Empty tubes were treated similarly in 286 parallel to be used as a negative control (referred as extraction blank). Ecdysteroids were 287 quantified by EIA, with 20-hydroxyecdysone-2-succinate coupled to peroxydase as a tracer 288 (dilution 1:100,000) and the L2 antiserum (gift from M. De Reggi (Marseille, France); 289 dilution 1:100,000). Calibration curves were generated with ecdysone (E; 3,6 -500 pg/tube) 290 diluted in EIA buffer, and titers were expressed as E equivalents. Under these conditions, 291 detection limit is 2 pg E equivalents. All measurements were performed in duplicate and the 292 results are expressed as mean values ±SEM of several (n=20 at least) independent samples 293 and have been repeated on two independent cohorts of mosquitoes. Samples at or above the 294 highest value of the calibration curve were diluted and quantify again. The intra-and inter-295 assay variation coefficients were 3,9% and 5,6%, respectively. For steroid titers in whole 296 males from different species, data were subjected to statistical analysis using Kruskall-Wallis 297 test for nonparametric data followed by Dunn's post-test (control group: extraction blank). 298
The Table 4 ). Sequences were examined and aligned 321 with Geneious 6.1.3 (Biomatters). Our dataset was not complete, we did not find or generate 322 sequence data for 10 / 160 (8 genes X 20 species) gene specific sequences and among the rest 323 15 / 150 of sequences were only partially covering the locus. The missing sequence data 324 represent 5.6% of the total dataset and was annotated as a "?" (missing value) in the 325 alignments for phylogenetic analysis. Introns were removed from g6pd and white sequences 326 and the extremities of all protein coding sequences were trimmed to be in codon frame. 327
Alignments for protein coding genes were re-aligned with the Geneious translation alignment 328
program. In addition to gene specific alignments a concatenated dataset was generated in the 329 following order: COI-COII-ND5-CYTB-18S-28S-g6pd-white. The number of informative sites 330 was calculated using MEGA4 [66] . 331 332
Phylogenetic analysis 333
We used DNA sequences of partial regions of the coding sequence of mitochondrial genes 334 Table 5 ). The partitions corresponded to a single partition for mitochondrial sequences (COI, 346
COII, ND5 and CYTB) and four more partitions for the genes 18S, 28S, g6pd, and white. 347
Mitochondrial genes were combined into one partition because they are closely linked in the 348 mitochondrial genome and largely evolve as a single unit with little to no recombination [71] . 349
We used a common strict clock model and a yule birth process as tree prior. 
Analysis of the secondary follicle detachment in virgin and mated non-blood fed females 380
Males and females were separated upon emergence to keep females virgin. A portion of 381 females were put in a cage with males to obtain mated females. After 7 days, female ovaries 382 were dissected, and the spermatheca of mated females checked for presence of spermatozoa. 383 Ovaries from each female were then mounted on a slide in mounting media and observation 384 of the secondary follicle detachment was performed using a transmitted light microscope. 30 385 to 60 females were analysed per species and per condition. Data were subjected to Chi-square 386 test. For An. stephensi, ovaries from either virgin or mated females were fixed with 4% 387 paraformaldehyde, washed 3 times with PBS-Tween 20 0.05% (PBS-T) and stained with 388 DAPI. After 4 washes with PBS-T, ovaries were mounted on a slide in mounting media. 389
Pictures were taken using a SP5 Leica confocal microscope. 390 391
Analysis of egg development in virgin and mated blood fed females 392
Virgin and mated females were prepared as described above. A portion of females were put in 393 a cage with males to obtain mated females. On 7 days PE, females were allowed to blood feed 394 on anesthetized mouse or rabbit (Supplementary Table 2 
